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We theoretically investigate a possibility of an η′d bound state and its formation in the γd→ ηd
reaction. First, in the fixed center approximation to the Faddeev equations we obtain an η′d bound
state with a binding energy of 25 MeV and width of 19 MeV, where we take the η′N interaction with
a coupling to the ηN channel from the linear σ model. Then, in order to investigate the feasibility
from an experimental point of view, we calculate the cross section of the γd → ηd reaction at
the photon energy in the laboratory frame around 1.2 GeV. As a result, we find a clear peak
structure with the strength ∼ 0.2 nb/sr, corresponding to a signal of the η′d bound state in case of
backward η emission. This structure will be prominent because a background contribution coming
from single-step η emission off a bound nucleon is highly suppressed. In addition, the signal can be
seen even in case of forward η emission as a bump or dip, depending on the relative phase between
the bound-state formation and the single-step background.
I. INTRODUCTION
The properties of hadrons are of great interest to un-
derstand the nonperturbative behavior of the fundamen-
tal theory of strong interactions, quantum chromody-
namics (QCD). Dynamical quark-mass generation is a
subject to be studied, where chiral symmetry plays a
key role. An order parameter of the spontaneous break-
down of chiral symmetry in the QCD vacuum is the chi-
ral condensate. The masses of the light vector mesons
(ρ, ω, and φ) are considered to be mostly induced by
this order parameter. In this regard, mass modifications
of the vector mesons at finite density and/or finite tem-
perature have been studied both theoretically and ex-
perimentally [1]. No clear evidence for them has been
observed so far. Another candidate to study the rela-
tionship between the mass and chiral condensate is the
η′(958) meson. It has an exceptionally large mass al-
though it would be a Nambu-Goldstone boson originat-
ing from the UL(3)×UR(3) chiral symmetry breaking [2].
Its mass generation is considered to be a result of the
quantum anomaly in QCD which breaks UA(1) symme-
try [3–5]. In addition, it was also pointed out that the
chiral condensate plays an essential role for the anomaly
to affect the η′ mass [6, 7].
In this line, various studies on the in-medium proper-
ties of the η′ meson are performed to understand QCD in
the nuclear medium theoretically [8–20] and experimen-
tally [21–24]. In particular, from the theoretical side,
assuming the mass difference between η′ and low-lying
pseudoscalar mesons comes from the chiral condensate
in connection with the UA(1) anomaly, we expect that
the η′ mass will be reduced by an order of 100 MeV
∗Electronic address: sekihara@post.j-parc.jp
†Present address: Department of Physics, Tokyo Institute of Tech-
nology, Tokyo 152-8551, Japan.
at normal nuclear density, because partial restoration of
chiral symmetry in a nuclear medium, which was sug-
gested by pionic atoms as a reduction of the chiral or-
der parameter [25], induces suppression of the UA(1)
anomaly effect to the η′ mass [8]. A chiral effective
model calculation by the linear σ model implies a η′
mass reduction of ∼ 80 MeV at normal nuclear den-
sity [20]. A more sophisticated calculation based on
the Nambu–Jona-Lasinio model, in which the UA(1) ef-
fect is introduced by the Kobayashi-Maskawa-’t Hooft
term, predicts a large reduction of approximately 150
MeV at normal nuclear density [14]. Such a large re-
duction of the η′ mass allows formation of η′-nucleus
bound states (η′-mesic nuclei). From the experimen-
tal side, the results obtained by the CBELSA/TAPS
collaboration imply an attractive and weakly absorp-
tive potential [1, 21–23]: the real part of the η′-nucleus
potential at normal nuclear density was found to be
−37 ± 10(stat) ± 10(syst) MeV in the η′ photoproduc-
tion from 12C [22] and −41 ± 10(stat) ± 15(syst) MeV
from 93Nb [23], while its imaginary part was found to
be −(10 ± 2.5) MeV [21]. At GSI, the excitation spec-
trum for the 12C(p, d) reaction was measured to search
for η′-mesic nuclei [24]. The result of the GSI experiment
seems to exclude strongly attractive η′-nucleus potential
with a mass reduction of & 150 MeV at normal nuclear
density, but is still consistent with the η′ mass reduction
of . 80 MeV. To pin down the properties of the η′ meson
in nuclei more rigorously, we need various experimental
information on η′-nucleon and η′-nucleus systems, such
as the η′N scattering length in free space [26].
We here emphasize that the η′ mass reduction in a nu-
clear medium is induced by an attractive η′N interaction.
In this sense, the η′N interaction plays a key role to inves-
tigate properties of the η′ meson. Because experimental
information on the η′N interaction is not sufficient, we
employ symmetry properties of hadrons to deduce the
η′N interaction. The η′N interaction was studied in,
e.g., the chiral effective model [20, 27–30]. In terms of
2= +
FIG. 1: Diagrammatic equation for the η(′)N → η(′)N scat-
tering amplitude. The solid and dashed lines represent the
nucleon and η(′), respectively. The shaded squares and dots
are the full scattering amplitude and tree-level interaction,
respectively.
the linear σ model, the scalar meson exchange provides
an attractive interaction between η′ and nucleon which is
strong enough to bind the η′N system [20]. Experimen-
tally, the existence of an η′N bound state is implied by
near-threshold behavior of the total cross section of the
pi−p → η′n reaction [31]. It has been also pointed out
that η′n bound state, if exists, can be observed in incoher-
ent photoproduction off a deuteron target γd→ ηnp [32].
In this study we extend the consideration on the η′N
system to the η′d system. We take the η′N interac-
tion from the linear σ model [20] and solve the Faddeev
equation for the η′d system in a certain approximation.
We will see that the η′d system is bound thanks to a
strongly attractive η′N interaction in our model. We fur-
ther discuss whether this η′d bound state can be observed
in experiments or not. For this purpose we choose the
γd → ηd reaction, in which the η′d bound state can be
formed in the s-channel process and decays into ηd. The
biggest advantage of this reaction is that we can easily
perform the center-of-mass energy scan to search for the
η′d bound state by varying the photon energy. Because
the η′d threshold is 2.833 GeV, the photon energy appro-
priate for the bound-state search is around 1.20 GeV in
the laboratory frame. In addition, it is worth mention-
ing that the final-state ηd can specify an isospin 0 state
in its s channel. In the following we will formulate the
γd→ ηd reaction mechanism and calculate its cross sec-
tion to estimate the production cross section of the η′d
bound state.
This paper is organized as follows. In Sec. II we show
that the η′N interaction from the linear σ model leads
to an η′d bound state. Next, in Sec. III we evaluate
the cross section of the γd → ηd reaction, in which an
η′d bound state may be generated, by using phenomeno-
logical γN → η(′)N amplitudes and the η′N interaction
constructed in the linear σ model. Section IV is devoted
to the summary of this paper. Throughout this study we
assume isospin symmetry for hadron masses as well as
strong interactions.
II. POSSIBLE η′d BOUND STATE
A. η′N system
First of all, we consider the η′N interaction. We fo-
cus on the s-wave η′N system, and take into account
a coupling to the ηN channel because it is the closest
open channel coupled in the s wave. We employ the
η′N interaction in the linear σ model with the unitariza-
tion according to Ref. [20]. Dynamics in the η′p and η′n
systems is the same, because we assume isospin symme-
try. We assign a channel index of 1 (2) to the η′N (ηN)
channel. In the linear σ model, the η′N interaction can
be described by the exchange of the singlet and octet σ
mesons. In momentum space, the interaction Vjk with
the channel indices j and k can be written as [20]
V11 = − 6gB√
3m2σ0
, V12 = V21 = +
6gB√
6m2σ8
, V22 = 0,
(1)
where the constants g, B, mσ0 , and mσ8 determine the
strength of the interaction; g is the σNN coupling con-
stant, B is the contribution from the UA(1) anomaly, and
mσ0 and mσ8 are the masses of the singlet and octet σ
mesons.
It should be noted that the interaction in Eq. (1) is the
leading-order term of the momentum expansion in the
flavor SU(3) symmetric limit. When we switch on the
flavor symmetry breaking by the heavier strange quark
than up and down quarks, the η-η′ mixing angle is −6.2
degrees in the linear σ model [20]. Even in this case of the
linear σ model, the modification of the η′N interaction
by the η-η′ mixing is small [20], owing to the dominance
of the singlet η in the physical η′ state. Furthermore, the
strength of the η′N → η′N part, which is crucial in the
following discussions, shifts only several percent for the
η-η′ mixing angle between 0 and −20 degrees, which is
adopted in Ref. [19].
Then the η′N scattering amplitude Tjk(w), as a func-
tion of the energy of the η′N system w, is a solution of
the Lippmann–Schwinger equation diagrammatically ex-
pressed in Fig. 1. This equation can be written in the
present formulation as
Tjk(w) = Vjk +
2∑
l=1
VjlGl(w)Tlk(w) (2)
with the η(′)N loop function Gj . Because the interac-
tion Vjk is independent of the external momentum as in
Eq. (1), the scattering equation (2) becomes algebraic.
For the η(′)N loop function, we employ a covariant ex-
pression as
Gj(w) ≡ i
∫
d4q
(2pi)4
2mN
[(p− q)2 −m2N + i0](q2 −m2j + i0)
(3)
with pµ = (w, 0), the nucleon mass mN , and m1 = mη′
and m2 = mη being the η
′ and η masses, respectively.
The loop function is calculated with the dimensional reg-
ularization as
Gj(w) =
2mN
16pi2
[
aj(µreg) + ln
(
m2N
µ2reg
)
+
w2 +m2j −m2N
2w2
ln
(
m2j
m2N
)
3− λ
1/2(w2, m2N , m
2
j)
w2
arctanh
(
λ1/2(w2, m2N , m
2
j )
m2N +m
2
j − w2
)]
(4)
with the regularization scale µreg, the subtraction con-
stant aj, and λ(x, y, z) ≡ x2+y2+z2−2xy−2yz−2zx.
In this study the subtraction constant is fixed by the nat-
ural renormalization scheme developed in Ref. [33] so as
to exclude the Castillejo-Dalitz-Dyson pole contribution
from the loop function. This can be achieved by requir-
ing Gj(w = mN ) = 0 for every channel j, which results
in a1(µreg = mN ) = −1.84 and a2(µreg = mN ) = −1.24
in the present construction.
Now we fix the model parameters as in Ref. [20],
i.e., g = 7.67, B = 0.984 GeV, mσ0 = 0.7 GeV, and
mσ8 = 1.23 GeV, with which we obtain an η
′N bound
state. The pole position of the η′N bound state is
1889− 6i MeV, which corresponds to the binding energy
of 8 MeV measured from the η′N threshold and decay
width of 12 MeV. The existence of an η′N bound state
is implied by near-threshold behavior of the total cross
section of the pi−p→ η′n reaction [31], although no bump
corresponding to the η′n bound state has been observed
in the γd→ pX reaction at LEPS [34]. In the η′N scat-
tering, the contribution from the ηN channel is found to
be small while the elastic η′N interaction is dominant.
This is because the transition of the η′N channel to the
ηN channel is suppressed by the larger mass of the octet
scalar meson.
B. η′d system
Next, using the η′N interaction constructed in the pre-
vious subsection, we formulate the η′d scattering ampli-
tude. We treat the η′pn three-body system, where we
consider the pn subsystem as a deuteron and solve the
Faddeev equation in the so-called fixed center approxi-
mation (FCA) [35, 36]. We incorporate two channels for
the three-body system: 1) η′pn and 2) pnη′. We distin-
guish either η′ appears in the left or right, according to
the formulation in Ref. [36]. For instance, if the initial
state is η′pn (pnη′), the multiple scattering starts with
the η′p (η′n) scattering in the system. Similarly, if the
final state is η′pn (pnη′), the multiple scattering ends
with the η′p (η′n) scattering in the system. Besides, we
can fix the ordering of the nucleons, pn, without loss of
generality. In the three-body problem, the η meson does
not appear explicitly but is intrinsically treated in the
two-body η′N → η′N amplitude.
In order to grasp the construction, we first consider the
η′pn → η′pn, i.e., channel 1 → 1 scattering amplitude
TFCA11 . This is schematically expressed in Fig. 2 as a
diagrammatic equation and can be written as
TFCA11 (W ) =t1(W ) + t1(W )G
FCA
η′ (W )T
FCA
21 (W ) (5)
with the total three-body energy W and the three-body
Green function GFCAη′ of the η
′ propagation. The two-
η′ p n
η′ p n
=
η′ p n
η′ p n
+
η′ p n
η′ p n
η′
p
FIG. 2: Diagrammatic equation for the multiple η′ scattering
amplitude of the process η′pn → η′pn. The small shaded
boxes represent the η′N → η′N scattering amplitude, and the
large open boxes indicate its multiple scattering amplitude.
body η′N → η′N scattering amplitude t1 is developed in
the previous subsection
t1(W ) = T11(w
FCA(W )) (6)
with the η′N two-body center-of-mass energy wFCA. We
evaluate the two-body energy wFCA as a function of the
three-body energy W [35, 36] by treating two nucleons
as one particle of mass 2mN :
wFCA(W ) =
√
W 2 +m2η′ − 2m2N
2
. (7)
The three-body Green function GFCAη′ is defined as:
GFCAη′ (W ) =
∫
d3p
(2pi)3
FNN (p)
p0η′(W )
2 − p2 −m2η′ + i0
(8)
with the η′ energy p0η′
p0η′(W ) =
W 2 +m2η′ − (2mN)2
2W
, (9)
and the deuteron form factor FNN (p)
FNN (p) =
∫
d3reip·r|ϕ(r)|2. (10)
Here ϕ(r) is the deuteron wave function in coordinate
space, and the form factor can be rewritten as
FNN (p) =
∫
d3q
(2pi)3
ϕ˜(q)ϕ˜(|q − p|) (11)
with the deuteron wave function in momentum space
ϕ˜(q). For the deuteron wave function, we neglect the
d-wave component and use a parameterization of the s-
wave component given in an analytic function [37] as
ϕ˜(q) =
11∑
j=1
Cj
q2 +m2j
(12)
with Cj and mj determined with the charge-dependent
Bonn potential [38]. This wave function is normalized so
as to satisfy FNN (p = 0) = 1.
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FIG. 3: Absolute value of the scattering amplitude TFCA11 +
TFCA12 as a function of the total three-body energy W . The
vertical dotted line indicates the η′NN threshold.
The scattering equation (5) can be straightforwardly
extended to the two-channel case, and we obtain
TFCAab (W ) = V
FCA
ab (W )
+
2∑
c=1
V˜ FCAac (W )G
FCA
c (W )T
FCA
cb (W ). (13)
Here a, b, and c (= 1, 2) are three-body channel indices
and V FCAab and V˜
FCA
ab contain the η
′N → η′N scattering
amplitude as follows:
V FCAab =
(
t1 0
0 t1
)
, V˜ FCAab =
(
0 t1
t1 0
)
. (14)
The three-body loop function GFCAa is
GFCA1 = G
FCA
2 = G
FCA
η′ . (15)
With this formulation, we can calculate the η′d scattering
amplitude as a function of the total three-body energy
W .
As we will see later, the multiple scattering amplitude
practically appears as the sum of the η′pn and pnη′ con-
tributions, such as TFCA11 + T
FCA
12 , in full reaction ampli-
tudes. The absolute value of this scattering amplitude
TFCA11 + T
FCA
12 is shown in Fig. 3 as a function of the
total three-body energy W . As one can see, the ampli-
tude has a peak structure corresponding to the η′d bound
state. In the amplitude we find the pole of the η′d bound
state at 2809 − 10i MeV in the complex energy plane,
which corresponds to the binding energy 25 MeV mea-
sured from the η′d threshold and width 19 MeV. The
binding energy increases more than twice compared to
the η′N bound state because the number of the poten-
tial terms increases more than that of the kinetic energy,
as in usual many-body systems.
III. s-CHANNEL FORMATION OF THE η′d
BOUND STATE IN THE γd → ηd REACTION
Because the η′d system is bound with the η′N interac-
tion deduced from the linear σ model, it may be experi-
mentally generated in certain reactions. In this section,
we consider the γd → ηd reaction and examine a pos-
sibility of observing its signal. We first formulate the
γd → ηd scattering amplitude in Sec. III A, and show
the numerical results in Sec. III B.
A. Formulation
In order to calculate the scattering amplitude of the
γd→ ηd reaction, we introduce six diagrams relevant to
the formation of the η′d bound state as shown in Fig. 4:
Tγd→ηd =Tp1 + Tp2 + Tp3 + Tn1 + Tn2 + Tn3. (16)
On the one hand, Tp1 and Tn1 are the single-step scat-
terings for the reaction, which becomes a background in
view of the signal of the η′d bound-state formation. On
the other hand, the remaining four terms contain the
multiple η′ scattering on both p and n which generates
the η′d bound state. We here neglect diagrams in which
the η meson is produced in the intermediate state, be-
cause around the η′d threshold the η meson in the in-
termediate state should go highly off-shell and should
be kinematically suppressed. This resembles the case of
photoproduction of the η′n bound state in the γd→ ηnp
reaction, as discussed in Ref. [32]. The reaction diagrams
in Fig. 4 contain the γN → ηN and γN → η′N scatter-
ing amplitudes and the transition amplitude of the η′d
bound state to the final-state ηd system.
Below, we formulate the γN → ηN and γN → η′N
scattering amplitudes based on the experimental data.
We then construct the γd→ ηd scattering amplitude (16)
from the amplitudes of γN → η(′)N , multiple η′ scat-
tering on pn, and transition to ηd. In the present for-
mulation of the γd → ηd amplitude, we will fix the
photo-induced γN → η(′)N amplitudes so as to repro-
duce the existing experimental data of η(′) photoproduc-
tion. Therefore, when we modify the η′N interaction,
they affect only the amplitudes of the multiple η′ scat-
tering on pn and of η′N → ηN entering in the η′d→ ηd
transition in our model.
1. γN → ηN and γN → η′N scattering amplitudes
Let us consider the γp → ηp and γn → ηn scattering
amplitudes. For these reactions, there exist various ex-
perimental data of the differential cross sections as a func-
tion of the photon energy in the laboratory frame Elabγ
and the η scattering angle in the center-of-mass frame θη,
around the photon energy of interest, Elabγ ≈ 1.2 GeV:
for instance, the free proton target case [39–44] and the
5γ p n
η p n
(p1)
γ p n
η p n
η′
η′
p
p
(p2)
γ p n
ηp n
η′
η′
p
n
(p3)
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ηp n
(n1)
γp n
η p n
η′
η′
n
p
(n2)
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ηp n
η′
η′
n
n
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FIG. 4: Diagrams for the γd→ ηd reaction. The shaded circles represent the γN → η(′)N amplitude. The small shaded boxes
indicate the η′N → ηN amplitude. The large open boxes represent the multiple scattering amplitude for the η′pn system.
deuteron target case [45–48]. Several theoretical analyses
of these data are available as well, e.g., in Refs. [49–52].
For the γp→ ηp reaction, we take the theoretical val-
ues of the differential cross section summarized by the
Bonn–Gatchina partial wave analysis (BG2014-02) [53].
We simply translate these values into the scattering am-
plitudes as functions of Elabγ and θη through the formula:
Tγp→ηp(E
lab
γ , cos θη) =
√
16pi2qcmw2
m2Nq
′
cm
dσγp→ηp
dΩ
, (17)
for the γp → ηp reaction. Here w is the center-of-mass
energy and qcm and q
′
cm are the relative momenta of
the initial- and final-state particles in the center-of-mass
frame, respectively. For the later convenience, we show
the explicit form of w, qcm, and q
′
cm as functions of E
lab
γ :
w(Elabγ ) =
√
m2N + 2mNE
lab
γ , (18)
qcm(E
lab
γ ) =
w(Elabγ )
2 −m2N
2w(Elabγ )
, (19)
and
q′cm(E
lab
γ ) =
λ1/2(w(Elabγ )
2, m2η, m
2
N )
2w(Elabγ )
. (20)
As for the γn→ ηn amplitude Tγn→ηn, one could eval-
uate it in a similar manner, but here we recall a general
relation for η photoproduction:
Tγp→ηp ∝ AIS +AIV, Tγn→ηn ∝ AIS −AIV, (21)
where AIS denotes the isoscalar amplitude and AIV the
isovector one. In coherent η photoproduction off the
deuteron, only the sum Tγp→ηp + Tγn→ηn ∝ 2AIS con-
tributes to the full amplitude. Therefore, we may write
the sum of the amplitude as
Tγp→ηp(E
lab
γ , cos θη) + Tγn→ηn(E
lab
γ , cos θη)
=
2|AIS|
|AIS +AIV|
√
16pi2qcmw2
m2Nq
′
cm
dσγp→ηp
dΩ
. (22)
Empirically, the coefficient |AIS|/|AIS+AIV| is estimated
as 0.22–0.25 [54] with Elabγ = 580–820 MeV from a com-
parison with theoretical calculations [55–57]. In this
study we employ |AIS|/|AIS +AIV| = 0.22.
We note that we neglect the phase for this amplitude
so that the amplitude is real. This phase is important
when we discuss the interference between the contribu-
tions from the background and the signal. We will come
back to this point when we discuss the numerical results
in Sec. III B. For the moment we only mention that this
treatment is satisfactory to estimate how much the η me-
son is created in the single-step amplitudes, p1 and n1,
as the background.
Next, for the scattering amplitudes of the γp → η′p
and γn → η′n reactions, we focus only on their s-wave
component because we consider the physics near the η′N
threshold. For the γp → η′p reaction, we have several
data of the cross section [41–43] and theoretical calcu-
lations [49, 58–60]. Here we take the same approach
taken in Ref. [32] to determine the γp→ η′p amplitude.
Namely, we calculate the scattering amplitude Tγp→η′p
as a function of Elabγ with the formula
Tγp→η′p(E
lab
γ ) = Vγ1 +
2∑
j=1
VγjGj(w)Tj η′p(w), (23)
with the channel index i [= 1 (2) for η′p (ηp)] and the
center-of-mass energy w fixed as a function of Elabγ as in
Eq. (18). The constants Vγ1 and Vγ2 are model parame-
ters and are fixed as
Vγ1 = 0.348 GeV
−1, Vγ2 = 0.354 GeV
−1, (24)
according to Ref. [32]. These values reproduce the ex-
perimental cross sections with forward proton emission
above the η′p threshold [41, 42]. As for the γn → η′n
cross section, on the other hand, there are only few
data [61]. Nevertheless, as seen in Ref. [61], the value
6of the γn → η′n cross section near the threshold is sim-
ilar to that of γp → η′p. Therefore, we assume that the
γn→ η′n amplitude is the same as the γp→ η′p one:
Tγn→η′n(E
lab
γ ) = Tγp→η′p(E
lab
γ ). (25)
2. γd→ ηd scattering amplitude
Now our task is to fix the scattering amplitude of the
γd → ηd reaction, which can be constructed from the
amplitudes for η(′) photoproduction, multiple η′ scatter-
ings, and transition to ηd, according to the diagrams in
Fig. 4.
The amplitudes of the single-step scattering, Tp1 and
Tn1, consist of the γN → ηN amplitude, deuteron wave
functions in the initial and final states, and the loop by
the nucleon lines. Therefore, calculating the relative mo-
menta for the nucleons and integrating them, we can eval-
uate the amplitude Tp1 as
Tp1 = Tγp→ηp(Elabγ , cosΘη)
∫
d3q
(2pi)3
ϕ˜(q)ϕ˜(|q − plabd /2|)
= Tγp→ηp(E
lab
γ , cosΘη)FNN (p
lab
d /2), (26)
with the final-state deuteron momentum in the labora-
tory frame plabd . The integral part was replaced with the
deuteron form factor FNN in Eq. (11). We note that the
γp → ηp scattering amplitude can be placed out of the
integral by fixing its arguments with external momenta.
Namely, we can use the same Elabγ as in the free proton
target case. The η scattering angle Θη can be evaluated
from the Mandelstam variable t = (pµγ − pµη )2, where pµγ
and pµη are the four-momenta of the initial photon and
the final η, respectively, as
cosΘη =
(
pµγ − pµη
)2 −m2η + 2qcm√(q′cm)2 +m2η
2qcmq′cm
. (27)
The momenta qcm and q
′
cm should be calculated with
Eqs. (19) and (20), respectively. In some conditions the
right-hand side may become more than 1 or less than −1
because the bound proton is not on its mass shell but is
off-shell due to the Fermi motion. In such a case we take
cosΘη = 1 or −1, respectively.
In the same manner, we can evaluate the Tn1 ampli-
tude, and as a consequence we have
Tp1 + Tn1 =
[
Tγp→ηp(E
lab
γ , cosΘη)
+Tγn→ηn(E
lab
γ , cosΘη)
]
FNN (p
lab
d /2),
(28)
where the sum of the amplitudes Tγp→ηp + Tγn→ηn can
be evaluated by Eq. (22).
Next, we fix the double scattering amplitude Tp2. As
in Fig. 4 (p2), we construct this with the deuteron wave
functions at appropriate places, γp → η′p amplitude for
q – q
q + pγ
lab
 – p
p
p – q – pγ
lab
 / 3
pγ
lab
 / 3
pγ
lab
(a)
q′ – q′
q′ + p′ – pη
cm
p′
– q′ – p′
≈ 0
pη
cm
(b)
FIG. 5: Feynman diagrams for the Green function of the η′
propagation (a) after the first collision and (b) before the
last collision. The solid, dashed, and wavy lines represent
the nucleons, η(′) meson, and photon, respectively. The open
circles and boxes are not included in the evaluation of the
Green function. Three-momenta carried by the particles are
shown (a) in the laboratory frame and (b) in the total center-
of-mass frame.
the first collision, pnη′ → pnη′ amplitude, η′p→ ηp am-
plitude, and two Green functions of the η′ propagation:
after the first collision and before the last collision.
Among them, the two Green functions can be eval-
uated by using the diagrams in Fig. 5. For the Green
function after the first collision [Fig. 5(a)], the pho-
ton momentum should be shared by η′ and two nucle-
ons. Assigning the momenta plabγ /3 and 2p
lab
γ /3, where
plabγ = E
lab
γ , for the η
′ and deuteron in the multiple η′
scattering in the laboratory frame, respectively, we can
evaluate this Green function for the η′ propagation as
Gfirstη′ =
∫
d3q
(2pi)3
∫
d3p
(2pi)3
ϕ˜(q)ϕ˜(|q − p+ 2plabγ /3|)
p0η′(W )
2 − p2 −m2η′ + i0
=
∫
d3p
(2pi)3
FNN (|p− 2plabγ /3|)
p0η′(W )
2 − p2 −m2η′ + i0
. (29)
The energy of the mediated meson p0η′(W ) was defined
in Eq. (9). For the Green function before the last col-
lision [Fig. 5(b)], we need to bind two nucleons, one of
which has a high momentum ≈ pcmη coming from the
mass difference between η′ and η, to make the final-state
deuteron. Therefore, the Green function before the last
collision is
Glastη′ =
∫
d3q′
(2pi)3
∫
d3p′
(2pi)3
ϕ˜(q′)ϕ˜(|q′ + p′ − pcmη /2|)
p0η′(W )
2 − p′ 2 −m2η′ + i0
=
∫
d3p′
(2pi)3
F (|p′ − pcmη /2|)
p0η′(W )
2 − p′ 2 −m2η′ + i0
. (30)
We note that, owing to the integrals, both the Green
functions Gfirstη′ and G
last
η′ do not depend on the directions
of plabγ and p
cm
η , respectively, and they are functions only
of the center-of-mass energy W .
Now we can formulate the scattering amplitude Tp2 as
Tp2 =Tγp→η′p(Elabγ )Gfirstη′ TFCA22 (W )Glastη′ T21(wFCA(W )),
(31)
7where T21 is the η
′N → ηN scattering amplitude in
Sec. II A with its argument wFCA in Eq. (7).
In a similar manner, we can evaluate the other ampli-
tudes for the γd→ ηd reaction:
Tp3 =Tγp→η′p(Elabγ )Gfirstη′ TFCA21 (W )Glastη′ T21(wFCA(W )),
(32)
Tn2 =Tγn→η′n(Elabγ )Gfirstη′ TFCA12 (W )Glastη′ T21(wFCA(W )),
(33)
and
Tn3 =Tγn→η′n(Elabγ )Gfirstη′ TFCA11 (W )Glastη′ T21(wFCA(W )).
(34)
Here we note that, because the scatterings of p2, p3, n2,
and n3 take place in s wave, the scattering amplitudes
Tp2,p3,n2,n3 do not depend on the scattering angle but
only on Elabγ . In the full amplitudes, the multiple scat-
tering amplitude appears as the sum of the η′pn and
pnη′ contributions, i.e., Tp2 + Tp3 ∝ TFCA21 + TFCA22 and
Tn2 + Tn3 ∝ TFCA11 + TFCA12 .
B. Numerical Results
With the scattering amplitudes constructed in the pre-
vious subsection, we can calculate the cross section of the
γd→ ηd reaction. In the present study the spin compo-
nents for the photon and baryons are irrelevant, so we can
write the differential cross section omitting the average
and summation of the polarizations as
dσγd→ηd
dΩ
=
m2d p
′
cm
16pi2pcmW 2
|Tγd→ηd|2 , (35)
where pcm and p
′
cm = p
cm
η denote the momenta of the
photon and η in the center-of-mass frame, respectively,
and md is the deuteron mass.
Before showing the numerical results in the energy
region of the η′d bound-state signal, we demonstrate
that the coefficient for the coherent process |AIS|/|AIS +
AIV| = 0.22 [see Eq. (22)] can reproduce the γd → ηd
cross section at slightly above the η production threshold,
e.g., Elabγ = 680 MeV. For this calculation, the γp→ ηp
amplitude is assumed to be constant independent of both
the photon energy and scattering angle and is fitted to re-
produce the cross section summarized by Bonn–Gatchina
in the close-to-threshold region of η production off the
free proton, Elabγ ≈ 708 MeV. Other terms in the calcu-
lation of the γd→ ηd amplitude are unchanged.
The numerical result is shown in Fig. 6 with the pho-
ton energy Elabγ = 680 MeV. As one can see from the
comparison with the experimental data at Elabγ = 669–
688 MeV, the cross section as well as the angular depen-
dence is quantitatively reproduced. This means that the
present formulation is appropriate with the coefficient
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FIG. 6: Differential cross section dσ/dΩ for the γd → ηd
reaction with the photon energy Elabγ = 669–688 MeV as a
function of η emission angle in the center-of-mass frame. The
theoretical result is obtained at Elabγ = 680 MeV. The ex-
perimental data are taken from Ref. [54] (TAPS) and from
Ref. [62] (PHOENICS).
|AIS|/|AIS + AIV| = 0.22 and we do not need further
normalization factors. In the following we use the same
value even in the energy region of the η′d bound state.
Now we show the numerical results of the differential
cross section for the γd → ηd reaction with the photon
energies which may generate an η′d bound state in Fig. 7.
The scattering angle is chosen to be cos θcmη = −1, −0.5,
0, +0.5, and +1. We also plot contributions from the
impulse η production (Tp1 + Tn1) and the multiple η′
scattering (Tp2 + Tp3 + Tn2 + Tn3).
Let us consider backward η production with cos θcmη =
−1. As one can see from the lowest panel of Fig. 7, the
differential cross section is dominated by the multiple η′
scattering contribution and the η′d bound-state signal is
clear as a bump structure with its strength ∼ 0.2 nb/sr.
In backward η production, single-step η emission off a
bound nucleon is highly suppressed because of a mo-
mentum mismatching between two nucleons in forming
a deuteron. In this sense, backward η production is
of interest in searching for the signal of the η′d bound
state. A similar tendency holds in the scattering angle
cos θcmη ≤ 0, where the cross section is dominated by the
multiple η′ scattering shown in dashed lines.
Next, as the η is emitted at more forward angles, the
single-step background contribution becomes much more
significant. At cos θcmη = +0.5 the single-step contri-
bution is comparable to the bound-state signal, and at
cos θcmη = 1 the single-step contribution is dominant.
However, even at cos θcmη = +0.5 and +1, we can ob-
serve a bump structure coming from the η′d bound state.
At cos θcmη = +0.5 the peak strength is approximately
0.5 nb/sr, and at cos θcmη = +1 it is about 5 nb/sr.
Here we should discuss two ambiguities in our am-
plitude. First, in the formulation of the γp → ηp and
γn→ ηn amplitudes, we suppressed the spin component
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FIG. 7: Differential cross section dσγd→ηd/dΩ for the γd→ ηd
reaction with scattering angles cos θcmη = −1, −0.5, 0, +0.5,
and +1. The solid lines denote the values for the full cal-
culation, while the dotted and dashed lines are contributions
from the impulse η production and the multiple η′ scattering,
respectively.
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FIG. 8: Differential cross section dσ/dΩ for the γd → ηd
reaction with several values of the parameter g in the η′N →
η′N interaction (1). The scattering angle is fixed as cos θcmη =
−1.
as in Eq. (22). However, we used these amplitudes only
to estimate the background contribution and to compare
it with the signal strength of the η′d bound state. This
background contribution was found to be negligible in
backward η production. Therefore, we will obtain the
bound-state peak in backward η production even if we
take into account the spin component rigorously.
Second, as mentioned below Eq. (22), we fixed the
γp → ηp amplitude as real quantities and did not in-
troduce any explicit relative phase between the single-
step amplitude and multiple η′ amplitude. An impor-
tant point is that the relative phase affects the struc-
ture for the bound state in forward η production. The
bump structure at cos θcmη = +0.5 and +1 in Fig. 7 is
determined by the constructive interference between the
bound-state formation and the single-step background
contribution. Such a pattern of the interference may
change owing to the phases of the underlying reactions.
For instance, if we introduce a relative phase eipi = −1,
a bump in forward η production seen in Fig. 7 would
become a dip structure due to the destructive interfer-
ence. Besides, the bound-state signal in backward η pro-
duction will be almost independent of the relative phase
between the single-step amplitude and multiple η′ one,
because the multiple η′ scattering dominates the cross
section and the interference is negligible. In this sense,
we may experimentally discuss the relative phase as well
as the strength of the bound-state signal by investigating
the angular dependence of the cross section.
Before closing this section, we briefly discuss how the
signal of the η′d bound state in the γd → ηd reaction
changes in case of slightly smaller or larger binding en-
ergies of the η′d system. For this purpose, we vary the
strength of the η′N interaction via the parameter g in
Eq (1), which is the coupling constant for the σNN ver-
tex. We plot in Fig. 8 the differential cross section at the
9scattering angle cos θcmη = −1 with parameters g = 6.0,
7.0, 8.0, and 9.0, which generate the η′d bound state
with its poles at 2832 − 2i, 2821 − 6i, 2801 − 11i, and
2775− 17i MeV, respectively. As one can see, when the
coupling constant g is smaller, i.e., the η′N interaction
is weaker, the strength of the η′d bound-state signal de-
creases as well. On the other hand, a larger coupling
constant g brings a similar strength of the bound-state
signal ∼ 0.2 nb/sr compared to that in the case of the
original parameter.
IV. SUMMARY
We theoretically investigated a possibility of binding
an η′d system by an attractive strong interaction between
η′ and nucleons. Thanks to the attractive nature of the
η′N interaction from the linear σ model, which is an ef-
fective model respecting chiral symmetry of QCD, the
η′d system can be bound in this model. With the fixed
center approximation to the Faddeev equation, its bind-
ing energy measured from the η′d threshold and decay
width are 25 MeV and 19 MeV, respectively.
We then proposed the s-channel formation of the η′d
bound state in the γd → ηd reaction at the center-of-
mass energy ≈ 2.8 GeV, corresponding to the photon
energy Elabγ ≈ 1.2 GeV. A clear peak structure with the
strength of ∼ 0.2 nb/sr for the signal of the η′d bound
state was observed in backward η emission, thanks to
large suppression of a background coming from single-
step η emission off a bound nucleon. In addition, the
bound-state signal may manifest itself even in forward
η emission as a bump or a dip, which depends on the
interference between the bound-state formation and the
single-step background.
This result motivates a new experimental program [63]
using the tagged photon beam [64] and the FOREST
detector [65] at the Research Center for Electron Photon
Science (ELPH), Tohoku University, Japan.
Acknowledgments
This work was partly supported by the Grants-in-
Aid for Scientific Research from MEXT and JSPS
(Nos. 26400287, 15K17649).
[1] V. Metag, M. Nanova and E. Y. Paryev, Prog. Part. Nucl.
Phys. 97, 199 (2017).
[2] S. Weinberg, Phys. Rev. D 11, 3583 (1975).
[3] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976); Phys. Rev. D
14, 3432 (1976); ibid 18, 2199 (1978)].
[4] E. Witten, Nucl. Phys. B 156, 269 (1979).
[5] G. Veneziano, Nucl. Phys. B 159, 213 (1979).
[6] T. D. Cohen, Phys. Rev. D 54, R1867 (1996).
[7] S. H. Lee and T. Hatsuda, Phys. Rev. D 54, R1871
(1996).
[8] D. Jido, H. Nagahiro and S. Hirenzaki, Phys. Rev. C 85,
032201(R) (2012).
[9] R. D. Pisarski and F. Wilczek, Phys. Rev. D 29, 338
(1984).
[10] V. Bernard, R. L. Jaffe and U-G. Meißner, Nucl. Phys.
B 308, 753 (1988).
[11] T. Kunihiro, Phys. Lett. B 219, 363 (1989).
[12] J. I. Kapusta, D. Kharzeev and L. D. McLerran, Phys.
Rev. D 53, 5028 (1996).
[13] K. Tsushima, Nucl. Phys. A 670, 198 (2000);
K. Tsushima, D. H. Lu, A. W. Thomas and K. Saito,
Phys. Lett. B 443, 26 (1998); K. Tsushima, D. H. Lu,
A. W. Thomas, K. Saito and R. H. Landau, Phys. Rev.
C 59, 2824 (1999).
[14] P. Costa, M. C. Ruivo and Yu. L. Kalinovsky, Phys. Lett.
B 560, 171 (2003).
[15] H. Nagahiro and S. Hirenzaki, Phys. Rev. Lett. 94,
232503 (2005).
[16] S. D. Bass and A. W. Thomas, Phys. Lett. B 634, 368
(2006).
[17] H. Nagahiro, M. Takizawa and S. Hirenzaki, Phys. Rev.
C 74, 045203 (2006).
[18] H. Nagahiro, S. Hirenzaki, E. Oset and A. Ramos, Phys.
Lett. B 709, 87 (2012).
[19] S. D. Bass and A. W. Thomas, Acta Phys. Polon. B 45,
627 (2014).
[20] S. Sakai and D. Jido, Phys. Rev. C 88, 064906 (2013);
Hyperfine Interact. 234, 71 (2015); Prog. Theor. Exp.
Phys. 2017, 013D01 (2017).
[21] M. Nanova et al. Phys. Lett. B 710, 600 (2012).
[22] M. Nanova et al. [CBELSA/TAPS Collaboration], Phys.
Lett. B 727, 417 (2013).
[23] M. Nanova et al. [CBELSA/TAPS Collaboration], Phys.
Rev. C 94, 025205 (2016).
[24] Y. K. Tanaka et al. (η-PRiME/Super-FRS Collabora-
tion), Phys. Rev. Lett. 117, 202501 (2016); Phys. Rev.
C 97, 015202 (2018).
[25] K. Suzuki et al., Phys. Rev. Lett. 92, 072302 (2004).
[26] E. Czerwinski et al., Phys. Rev. Lett. 113, 062004 (2014).
[27] K. Kawarabayashi and N. Ohta, Prog. Theor. Phys. 66,
1789 (1981).
[28] S. D. Bass, Phys. Lett. B 463, 286 (1999).
[29] B. Borasoy, Phys. Rev. D 61, 014011 (1999).
[30] E. Oset and A. Ramos, Phys. Lett. B 704, 334 (2011).
[31] P. G. Moyssides et al., Nuovo Cim. A 75, 163 (1983).
[32] T. Sekihara, S. Sakai and D. Jido, Phys. Rev. C 94,
025203 (2016).
[33] T. Hyodo, D. Jido and A. Hosaka, Phys. Rev. C 78,
025203 (2008).
[34] N. Muramatsu et al. (LEPS collaboration), talk at
HAWAII 2014.
[35] M. Bayar, J. Yamagata-Sekihara and E. Oset, Phys. Rev.
C 84, 015209 (2011).
[36] T. Sekihara, E. Oset and A. Ramos, Prog. Theor. Exp.
Phys. 2016, 123D03 (2016).
[37] M. Lacombe, B. Loiseau, R. Vinh Mau, J. Cote, P. Pires
and R. de Tourreil, Phys. Lett. 101B, 139 (1981).
[38] R. Machleidt, Phys. Rev. C 63, 024001 (2001).
10
[39] T. Nakabayashi et al., Phys. Rev. C 74, 035202 (2006).
[40] O. Bartholomy et al. (CB-ELSA Collaboration), Eur.
Phys. J. A 33, 133 (2007).
[41] M. Williams et al. (CLAS Collaboration), Phys. Rev. C
80, 045213 (2009).
[42] M. Sumihama et al. (LEPS Collaboration), Phys. Rev. C
80, 052201 (2009).
[43] V. Crede et al. (CBELSA/TAPS Collaboration), Phys.
Rev. C 80, 055202 (2009).
[44] E. F. McNicoll et al. (Crystal Ball at MAMI Collabora-
tion), Phys. Rev. C 82, 035208 (2010); ibid 84, 029901
(2011).
[45] I. Jaegle et al., Eur. Phys. J. A 47, 89 (2011).
[46] D. Werthmu¨ller et al. (A2 Collaboration), Phys. Rev. C
90, 015205 (2014).
[47] T. Ishikawa et al., JPS Conf. Proc. 10, 031001 (2016).
[48] L. Witthauer et al. (CBELSA/TAPS Collaboration),
Eur. Phys. J. A 53, 58 (2017).
[49] W. T. Chiang, S. N. Yang, L. Tiator, M. Vanderhaeghen
and D. Drechsel, Phys. Rev. C 68, 045202 (2003).
[50] A. V. Anisovich, R. Beck, E. Klempt, V. A. Nikonov,
A. V. Sarantsev and U. Thoma, Eur. Phys. J. A 48, 15
(2012).
[51] H. Kamano, S. X. Nakamura, T.-S. H. Lee and T. Sato,
Phys. Rev. C 88, 035209 (2013).
[52] D. Ro¨nchen, M. Do¨ring, H. Haberzettl, J. Haidenbauer,
U.-G. Meißner and K. Nakayama, Eur. Phys. J. A 51, 70
(2015).
[53] E. Gutz et al. (CBELSA/TAPS Collaboration), Eur.
Phys. J. A 50, 74 (2014);
http://pwa.hiskp.uni-bonn.de/
[54] J. Weiß et al., Eur. Phys. J. A 11, 371 (2001).
[55] A. Fix and H. Arenho¨vel, Z. Phys. A 359, 427 (1997).
[56] S. S. Kamalov, L. Tiator and C. Bennhold, Phys. Rev. C
55, 98 (1997).
[57] F. Ritz and H. Arenho¨vel, Phys. Rev. C 64, 034005
(2001).
[58] F. Huang, H. Haberzettl and K. Nakayama, Phys. Rev.
C 87, 054004 (2013).
[59] S. Sakai, A. Hosaka and H. Nagahiro, Phys. Rev. C 95,
045206 (2017).
[60] A. V. Anisovich et al., Phys. Lett. B 772, 247 (2017).
[61] I. Jaegle et al. (CBELSA/TAPS Collaboration), Eur.
Phys. J. A 47, 11 (2011).
[62] P. Hoffmann-Rothe et al., Phys. Rev. Lett. 78, 4697
(1997).
[63] H. Fujioka et al., Letter of Intent, ELPH-2881, Tohoku
University (2017).
[64] T. Ishikawa et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 622, 1 (2010); ibid 811, 124 (2016).
[65] T. Ishikawa et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 832, 108 (2016).
